Abstract. Scattering and absorption coefficients have been measured continuously at several wavelengths since March 2001 at the high altitude site Jungfraujoch (3580 m a.s.l.). From these data, the wavelength dependences of the Angström exponent and particularly of the single scattering albedo are determined. While the exponent of the single scattering albedo usually increases with wavelength, it decreases with wavelength during Saharan dust events (SDE) due to the greater size of the mineral aerosol particles and their different chemical composition. This change in the sign of the single scattering exponent turns out to be a sensitive means for detecting Saharan dust events. The occurrence of SDE detected by this new method was confirmed by visual inspection of filter colors and by studying long-range backtrajectories. An examination of SDE over a 22-month period shows that SDE are more frequent during the March-June period as well as during October and November. The trajectory analysis indicated a mean traveling time of 96.5 h, with the most important source countries situated in the northern and north-western part of the Saharan desert. Most of the SDE do not lead to a detectable increase of the 48-h total suspended particulate matter (TSP) concentration at the Jungfraujoch. During Saharan dust events, the average contribution of this dust to hourly TSP at the Jungfraujoch is 16 µg/m 3 , which corresponds to an annual mean of 0.8 µg/m 3 or 24% of TSP.
Introduction
Deserts are major sources of aerosol injected into the atmosphere, with mineral dust comprising more than 35% of the emitted primary aerosol mass (Houghton et al., 2001 ). Half of this amount is attributed to the Saharan desert and influences the aerosol loading of Africa, the Atlantic Ocean, South America, the East coast of USA, and Europe. Though poorly quantified, the impact of mineral dust on global radiative forcing is expected to be negative (Diaz et al., 2001; Myhre et al., 2003; Mahowald and Kiehl, 2003) . Sources of radiative forcing uncertainties are the mineral aerosol shape (Kalashnikova and Sokolik, 2002) , their optical properties as a function of wavelength (Sokolik and Toon, 1999) , and their spatial, vertical and temporal distribution. In addition to its impact on radiative forcing, mineral dust influences the local rain/snow acidity and marine biochemical processes. Furthermore, harmful health effects due to elevated concentrations of total suspended particles (TSP) are also important and have been estimated in several studies (Avila et al., 1997; Rodriguez et al., 2001; Delmas et al., 1995; Prospero et al., 2002) .
While most of the Saharan dust is transported westward and southward (about 60%) by the Saharan Air Layer (SAL) and by lower layer transport in trade winds (Chiapello et al., 1997; Afeti and Resch, 2000) , a non-negligible amount reaches Europe. D'Almeida (1986) estimated the Saharan dust transport to Europe to be 80-120 Mt/yr. In Southern Europe, Saharan dust events (SDE) can induce up to 20 daily exceedances of the PM 10 standard per year (Rodriguez et al., 2001) . In northern countries, the influence of SDE is less prominent, but also less understood. Studies performed in the Alps (Delmas et al., 1995; Schwikowski et al., 1995; De Angelis and Gaudichet, 1991; Maupetit and Davies, 1991; Wagenbach and Geis, 1989) , as well as in England (Ryall et al., 2002) have pointed out the frequent occurrence of SDE resulting in an annual mean deposition of 0.4 to 1 gm −2 . In Switzerland, Schwikowski et al. (1995) analyzed the characteristics of a particular SDE in 1990 at the Jungfraujoch. To obtain a global view of the effect of mineral dust in Europe, it is however necessary to study the occurrence of SDE over long periods of time and trace their contribution to exceedances of the PM 10 and TSP standards.
Trends of SDE in Europe have previously been evaluated by red rain, or dust content of snow and ice. While aerosol trapped in snow or ice may also originate from dry deposition, a red rain analysis takes into account only wet deposition. In all these cases, the importance of mineral dust in ambient air cannot reliably be estimated. Some studies evaluate the TSP and PM 10 data and correlate them with chemical analysis and back trajectories to identify the source regions. Analysis of several years of data is also currently available with satellite measurements (Prospero et al., 2002) . Other methods to identify Saharan dust include measurements of size distribution, granulometry, Lidar, aerosol optical depth (AOD) and theÅngström parameter deduced from nephelometer or photometer measurements.
In this study, we evaluate a new SDE detection method, which is based on the investigation of the wavelength dependence of the single scattering albedo (SSA). The wavelength dependence of the scattering and absorption coefficients, and therefore of the single scattering albedo, and theÅngström parameter allows for the identification of characteristic features associated with SDE. The SDE identified by the SSA exponent method are correlated with visual inspection of the filter color and with back trajectories to identify the source regions. The analysis is based on measurements performed between March 2001 and December 2002 at the high-alpine research station of the Jungfraujoch (JFJ). An annual frequency and source frequency climatology analysis of this nearly two-year record is also performed, as well as an estimation of the Saharan dust contribution to annual and hourly TSP.
Experimental
Continuous measurements of a number of aerosol parameters have been performed since 1995 at the Global Atmospheric Watch (GAW) laboratory of the high alpine research station Jungfraujoch (JFJ, 3580 m a.s.l., 46 • 33 , 7 • 59 ), which is located on a mountain crest on the northern edge of the Swiss Alps. The JFJ is prevalently situated in the free troposphere, but is influenced by convection of planetary boundary layer air during the warmer months (Baltensperger et al., 1997; Lugauer et al., 1998) . Consequently all the measured aerosol parameters show a clear annual cycle with maximum values in July and August and minimum values in the NovemberJanuary period. Except during the winter months, a diurnal cycle often exists as a result of the injection of planetary boundary layer aerosol into the free troposphere air during the afternoon.
According to measurements by MeteoSwiss during the last 20 years, the mean monthly temperature at the Jungfraujoch varies from 0 • C (July to August) to −13 • C (January to February), the relative humidity (RH) from 64% (January) to 79% (May), while the mean barometric pressure is 663 mbar. The wind direction at the site is influenced by the NE-SW orientation of the local alpine watershed in the immediate vicinity, resulting in an average annual wind frequency of 60% from NW and 30% from SE.
The total aerosol is sampled by a heated inlet (+25 • C) designed to evaporate all cloud droplets at an early stage of the sampling process. Calculations for this set-up showed that cloud droplets smaller than 40 µm can be sampled at a wind speed of 20 m s −1 (Weingartner et al., 1999) . During cloud events, the total sample thus consists of dried particles that were activated to cloud droplets as well as the inactivated (interstitial) particles.
The total and backward scattering coefficients (σ SP and σ BSP ) are simultaneously measured at three wavelengths (λ=450, 550, and 700 nm) by an integrating nephelometer (IN, TSI 3563) . Data are collected with 5 min resolution from which hourly means are calculated. The scattering coefficients were corrected for the truncation error according to Anderson and Ogren (1998) , taking into account the scattering exponent from the uncorrected scattering coefficient to calculate the appropriate correction factor for each wavelength. While the total error on the correction is still significant for coarse particles (95% confidence bound=17% for scattering exponent smaller than 1.5), it is very low for small particles (95% confidence bound=3%) (Nessler et al., 2004 1 ). The main uncertainty for coarse aerosol arises from the error on the determination of the vanishing scattering exponent.
The absorption coefficient (σ ap ) was measured at seven wavelengths (λ=370, 470, 520, 590, 660, 880 and 950 nm) by an aethalometer (AE-31, Magee Scientific). σ ap was calculated with (Weingartner et al., 2003) :
where A is the filter spot area, Q the volumetric flow rate and ATN is the change in attenuation during the time interval t, and C=2.14±0.2 is a wavelength independent empirical correction factor, which corrects for the enhancement of the optical path in the filter due to multiple reflections of the light beam at the filter fibers. The C factor used here was determined from different aerosol types such as soot particles generated by spark discharge, Diesel soot particles and externally mixed Diesel and (NH 4 ) 2 SO 4 particles at 450 nm and 660 nm (Weingartner at al., 2003) . The shadowing effect has been found to be negligible for aged particles and therefore can be completely neglected for particles arriving at the JFJ (Weingartner et al., 2003) . Aethalometer data were collected with 10 min resolution from which hourly means were calculated. All times are given as local standard time LST (equal to UTC+1 h). The measurements were performed at room temperature (25±4 • C), which corresponded to RH≤10%. As a result, the measured scattering and absorption coefficients, as well as the calculated single scattering albedo and Angström exponents, are related to the dried aerosols, and not to ambient outdoor aerosols.
To calculate the single scattering albedo, the scattering coefficients measured at three wavelengths are first fitted with a power-law dependence:
which allows for the determination of the scattering exponent α sp . The scattering coefficient is then evaluated at the seven absorption coefficient wavelengths. The single scattering albedo (SSA) is calculated at these seven wavelengths and these SSA values are then fitted with a similar wavelength power-law to obtain the single scattering albedo exponent α SSA . A similar procedure results in the extinction coefficients at seven wavelengths, and theÅngström exponentå, which describes the extinction coefficient wavelength dependence. A wavelength power-law fit of the absorption coefficients yields the absorption exponent α ap . Analyzed wind fields with a temporal separation of six hours were used to calculate three dimensional kinematic backward trajectories with the software package "Lagranto" (Wernli and Davies, 1997) . The wind fields were provided by the European Centre for Medium-Range Weather Forecasts (ECMWF) model with a resolution of 1 • ×1 • . The trajectories were resolved in 60-min time steps and their length was limited to 10 days backward in time. In order to account for transport at different altitudes and also for random deviations, the arrival points were varied both horizontally and vertically. In the horizontal dimension, the accurate location of the Jungfraujoch (46.33 N, 7 .59 E) was supplemented by 4 arrival points being displaced by ±0.5 • in latitude and ±0.5 • in longitude, respectively. In the vertical dimension, the levels at 650 hPa (which is close to the annual mean pressure at Jungfraujoch), as well as 700, 750 and 800 hPa were examined. Although 20 trajectories were calculated in total for each case, only trajectories indicating paths of air masses potentially contributing to the measured Saharan dust episode are shown in the figures. This criterion was chosen to take into account only those trajectories that include at least one time step within a 150 hPa deep layer over the African continent.
The contribution of Saharan dust to the TSP mass concentration at the JFJ was estimated using 48-h filter samples of total suspended particles (TSP) collected at the JFJ by the Swiss National Air Pollution Monitoring Network (NABEL). The TSP samples were collected with a high-volume sampler, and the filters were automatically changed at midnight every second day.
Chemical characterization was achieved by collecting the aerosol in two size classes (TSP and particles with an aerodynamic diameter D<1 µm (PM1)). The upper four stages of a cascade impactor (Maenhaut et al., 1996) allowed for a cut-off of 1 µm with a constant flow rate of 11 L min −1 . The concentrations of major ions were determined by ion chromatography after aqueous extraction (Henning et al., 2002) .
Results and discussion
3.1 Determination of the SDE events by the wavelength dependence of the single scattering albedo Figure 1 presents the scattering, absorption, and extinction coefficients as well as the single scattering albedo, for an individual SDE. The scattering coefficient is characterized by higher σ sp values as well as by a considerably smaller wavelength dependence during the SDE. An increase is also observed for the absorption coefficient, however the shift is smaller than for σ sp . The wavelength dependence of the absorption coefficient has a tendency to increase during the SDE. As expected, the extinction coefficient has a similar behavior as the scattering coefficient, with a decrease of the wavelength dependence and an increase in intensity. The SSA values become higher for all wavelengths, and show a clear wavelength inversion between the 6.5.2001 at 18 h LST and the 9.5.2001 at 3 h LST, with greater values for longer wavelengths. As it will be shown later, the inversion of the wavelength dependence can be attributed to the presence of Saharan dust and provides a method for detecting the occurrence of SDE. The presented extinction coefficient is calculated from the measured scattering and absorption coefficients and its wavelength dependence yields the well-knownÅngström exponentå:
The SSA ω 0 corresponds to the scattering part of the extinction coefficient. As both the scattering and the extinction coefficients can be fitted with a wavelength power-law dependence, the SSA can also be fitted in a similar way:
such that the SSA exponent is the difference between the scattering and theÅngström exponents. As seen in Fig. 2b , this power-law behavior of the SSA as a function of the wavelength agrees well with the data. For aerosols that do not contain large particles, the scattering coefficient usually decreases more rapidly with increasing wavelength than the absorption coefficient. As a result, α sp is greater thanå and α SSA is positive. Conversely, when coarse particles are present, the scattering becomes dominated by geometrical optics, such that a wavelength independence of the scattering coefficient is expected (Seinfeld and Pandis, 1998) as seen in our data. The exponent of the absorption coefficient (α ap ) is usually estimated to stay constant at 1-1.2 (Seinfeld and Pandis, 1998, Bergstrom et al., 2002 ), but we actually measured an increase of the absorption wavelength dependence (Fig. 2a) . TheÅngström exponentå will therefore approach zero less rapidly than α sp , which results in a negative α SSA during SDE.
The wavelength dependence is visualized in Fig. 3 , where the exponents of all parameters are reported for the same time period. The values of α sp andå are usually between 1 and 2.5. During the SDE they are clearly shifted below 1, and most of the time below 0.5. At the same time, α ap increases up to 1.5, which is higher than its normal value of about 1. Consequently, the resulting α SSA becomes clearly negative during SDE with values usually falling between −0.1 and −0.5. In this study, SDE are defined as time periods that exhibit negative α SSA for more than 3 h. Log-log plots of daily means of a) the absorption coefficient and b) the single g albedo as a function of the wavelength for (black square) the day before the SDE 1), for (asterisk and star) SDE days (7-8.5.2001), and for (black circle) a stable day SDE ( 11.5.2001). The possible identification of mineral dust events by α SSA values was conceived using theoretical considerations (Bergstrom et al., 2002) . The absorption coefficient measured using the integrating sandwich method during the Tropical Aerosol Radiative Forcing Observational Experiment (TARFOX) at the eastern coast of the United State shows an approximate λ −1 variation between 0.4 and 1.0 µm, but with a quicker decrease between 0.4 and 0.6 µm and a leveling off at longer wavelengths. The same applies to our data of the Jungfraujoch (Fig. 2a) . The greater wavelength dependence in the lower λ range during SDE can be explained by the chemical composition of the aerosols. About 89% of the mass of Saharan dust is composed of illite, kaolinite and montmorillonite minerals (Sokolik and Toon, 1999) , as well as of hematite (Quijano et al., 2000) . Hematite (a strong absorber at solar wavelengths) aggregated with the other three clay materials (relatively transparent at solar wavelengths) results in a generally greater absorption, particularly at shorter wavelengths. Table 1 gives the exponents of the power-law fit when only the lowest four or the highest four wavelengths of the aethalometer are taken into account. For days without SDE, both slopes are nearly identical, giving a value close to 1. When mineral dust is present, the fit of the lowest four wavelengths exhibits far higher exponent values (1.5-1.8).
The inversion of the SSA wavelength dependence was also calculated for several mineral dust species and for various sizes (Sokolik and Toon, 1999) . They simulated the spectral behavior of illite, kaolinite and montmorillonite dusts with diameters between 0.25 and 0.7 µm and obtained a sharp increase in the SSA for wavelengths up to 0.6 µm and a constant value above 0.6 µm. In contrast, hematite showed a slightly decreasing SSA up to 0.6 µm and a strong increase Table 3 . Percentage of SDE detected by different methods (SDE detected by the α SSA method set to 100%). above 0.6 µm. The SSA wavelength dependence observed during mineral dust events at the JFJ, as seen in Fig. 2b and Table 2 , presents a more negative slope between 0.37 and 0.6 µm than for longer wavelengths. Comparing this behavior to the predictions by Sokolik and Toon (1999) , we can attribute the strong increase at shorter wavelengths to illite, kaolinite and montmorillonite, and the second slighter increase to hematite, even though the latter constitutes a relatively small fraction of the total Saharan dust mass. A similar SSA behavior was measured by ground-based sun/sky radiometers in the Persian Gulf by and in three desert regions by . While a clear wavelength inversion was reported by Dubovik et al. (2002) , a wavelength independence or a slight increase of the SSA with wavelength was observed by Smirnov et al. (2002) . In the case, however, only a very small increase was visible in the monthly mean SSA for May 1999. This virtual wavelength independence was correlated with lowÅngström exponents (0.4-0.7) and corresponded to the seasonal period with the highest mineral dust concentration.
As mentioned in the experimental part, operational measurements at the JFJ are performed on dry aerosols. Thus the SSA absolute magnitude of the ambient (outdoor) aerosol will usually be higher than the measured one due to the absence of liquid water on the particles. On the other hand, the effect of the water content on the wavelength dependence is expected to be less important for a number of reasons. First, the negative value of α SSA arises principally from the wavelength independence of σ sp which is due to the dominance of the large aerosol particles. As the diameter of particles becomes larger with enhanced humidity, a similar σ sp spectral behavior will be measured for wet mineral dust. In some cases, smaller dry aerosol particles, which are currently not detected as SDE, could exhibit a wavelength independent scattering coefficient if ambient relative humidity is high enough to allow for significant water uptake. Second, hygroscopic growth factors are smaller for SDE particles than for the common JFJ aerosol (Weingartner et al., 2001 ). Third, it has been shown that the wavelength dependence of the absorption coefficient is very similar in the 0.45-1.0 µm region for externally mixed, internally mixed and shell-core configurations of black carbon (Jacobson, 2000) . Since the aerosol reaching the JFJ is aged and therefore internally mixed, α ap will probably exhibit only a slight variation with humidity. Consequently, although all the measurements are performed on dried aerosols, the sign of α SSA can still be used to identify SDE at the Jungfraujoch with a time resolution of one hour.
As can be seen in Fig. 2b and Table 2 , the SSA exponent of the first four shorter wavelengths is consistently more negative than the exponent of the four longer wavelengths. This allows the estimation of a fitting error on the whole measured wavelength range. The α SSA difference between the shorter and longer wavelength sets is typically ≤0.1. Using only some of the wavelengths may therefore change the SDE limits by a few hours, but does not yield a false SDE detection.
Influence of Saharan dust events on all exponents
The SDE described in the previous paragraph is a typical one, where all parameters exhibit clear modifications compared to normal conditions. Nonetheless, some detected SDE are less pronounced or do not present all of the previously described features. Table 3 gives the percentage of events where the measured optical coefficients and all the derived parameters were modified by SDE, where 100% correspond to all cases detected by a negative α SSA longer than 3 h. SDE induce a decrease of α sp in 80% of the cases and an obvious increase of the σ sp during a part or the whole of the SDE in 60%. The measurement of the scattering coefficients is therefore the second most efficient parameter to detect the presence of mineral dust. Usually, α sp values fall between 0.5 and 1 during SDE, yet negative values are also occasionally observed. In these cases, the observed increase of the scattering coefficient with increasing wavelength (1×10 −7 to Atmos. Chem. Phys., 4, 2465-2480, 2004 www.atmos-chem-phys.org/acp/4/2465/ 5×10 −6 m −1 ) is clearly greater than the measurement uncertainties (5×10 −8 m −1 ). An increase of α ap is observed in less than half of the SDE (42%), and higher σ ap values are seen in 47% of all cases. These changes of α ap and σ ap occur for both short and long dust events. No correlation with aerosol travel time or with source regions was found. If enough black carbon is mixed with the mineral dust, the measured wavelength dependence can be dominated by black carbon, and the mineral dust features disappear. The change of the absorption coefficient and its wavelength dependence during SDE are therefore less frequent and are not considered as useful identification tools.
As is the case for α sp , theÅngström exponent decreases for most of the SDE cases, due to the large size of dust particles. Values between 0 and 1 are usually measured for dried mineral aerosols, but negative values also occur. These values correspond well with theÅngström exponents measured in the presence of mineral dust (Takemura et al., 2002; Smirnov et al., 2002) . Sokolik and Toon (1999) calculated the extinction coefficient for 0.5 and 0.7 µm diameter aerosol particles of illite, kaolinite, montmorillonite, hematite, quartz, calcite and gypsum and found a continuous increase with respect to wavelength for all mineral dust types between 0.2 and at least 1 µm, which is equivalent to a negativeÅngström exponent. Some photometer measurements have also shown negativeÅngström exponents in the Sahel region (Holben at al., 2001 ).
3.3 Validity of SDE detection by negative α SSA : comparison with filter color and back-trajectory analysis
To corroborate the inversion of the wavelength dependence of the single scattering albedo during SDE, the color of TSP filters from the Jungfraujoch and 10-day back-trajectories (see Sect. 3.5) were studied and the results compared to our set of measurements. The TSP level at the Jungfraujoch remains very low during the whole year, with annual means between 3 and 5 µg/m 3 for the last 10 years (BUWAL, 2001) . This low amount of aerosol allows for the identification of heavy SDE by a distinct brown-yellow deposit on the filters. The temporal resolution of these filters is 48 h, which is far worse than the resolution obtained with the SSA exponent. An obvious coloration of the filter was observed for 57% of the SDE, while the color was unclear for 19% of the cases. For 7% of SDE, the filters were missing. Therefore, only 17% of the events detected by the α SSA method clearly showed no filter coloration. However, all these inconsistent dust events lasted only 4 to 6 h and were generally characterized as "disturbed" events, where even the wavelength dependence and to a lesser extent the coefficients themselves showed a high hourly variability. These events appear to correspond to weak SDE, where the mineral dust mass is too small to change the filter color. All but one of the events with unclear filter coloration also correspond to relatively short SDE (4-12 h), even though some of these events present clear SDE features for all other parameters. Consequently, the filter coloration method is an acceptable means for validating the detection of SDE using the sign of α SSA , but it is far less sensitive and has significant limitations with respect to SDE duration.
Two events showed a filter color change without modification of the other parameters (α sp , σ sp , α ap , σ ap and particularly α SSA ). For both cases the TSP mass was relatively high. Back-trajectory analyses gave a positive result for one of these events, and a negative one for the other. Pollen contamination was excluded as the cause of the filter coloration. The positive SSA exponent during these two SDE could possibly be explained by a smaller size of the Saharan dust.
In 71% of all cases, the 10-day back-trajectories were able to reveal the source of Saharan dust. Among the other 29% of cases, the trajectories did not pass over Africa and were often fairly dispersed. For one event, the back-trajectories passed far too high over Africa to catch Saharan dust.
Taking into account the trajectories and the filter color, 74% of the SDE were confirmed.
For the remaining cases, satellite pictures (www.nrlmry.navy.mil/aerosol/ satellite/seawifs) of the 2-6 days before the detected SDE were visually inspected. In 7%, a clear emission of Saharan dust towards Europe, usually towards Italy or Sardinia, was visible. In one case (2%), none of the former methods was available to confirm the event. Finally, only 8% of all cases remained unconfirmed by either of the three methods. The negative SSA exponent can therefore without doubt be attributed to the occurrence of Saharan dust events. This new detection method seems to be most sensitive, first because of its hourly resolution and second because the observed changes in optical properties can also be detected for low aerosol concentrations.
Climatology of SDE between March 2001 and December 2002
The estimation of the wavelength dependence of the single scattering albedo over a period of nearly two years allows for a first analysis of the SDE climatology at the JFJ. Figure 4 presents the number of hours per month that Saharan dust was detected during the interval of March 2001-December 2002. Two distinct periods of high SDE probability can be defined: one in spring from March to June and one in October and November. During the December-February period, SDE are far less frequent, last only a few hours (maximum 6 h) and are often characterized with indistinct features (see Sect. 3.2). Some occasional but quite intense cases occur in July and August, but none occurred in September for both years. A particularly long period that comprised several SDE of multiple days occurred between 10 October and 22 November 2001. This specific event was also detected in England (Ryall et al., 2002) and in Germany (Mattis et al., 2002 A two-year average estimate of the length of the episodes for each month is given in Fig. 5 . Again, one can clearly see that the majority of events lasting longer than 10 h occur during the March-June and October-November periods. Similarly, most events lasting longer than one day also take place during these two periods. Overall, 54% of the recorded SDE lasted between 4 h and 10 h, 17% between 10 h and 24 h, and 29% were longer than one day.
A non exhaustive comparison with other Saharan dust measurements in Europe, the Mediterranean basin, West Africa, and over the Atlantic Ocean is summarized in Table 4. Also included in the Table is an estimation of the Saharan emission intensity (Marticorena and Bergametti, 1996; D'Almeida, 1986 ) which allows for a rough correlation with the measurements at the JFJ. Most of the studies performed in Europe report a higher incidence of SDE and the greatest mineral dust deposition during spring with less frequent occurrences in July and August. SDE show highest intensity during summer only in Spain and in the central Pyrenees. Both facts were explained by Moulin et al. (1998) . While most of the eastern and central Mediterranean SDE occur in the March-June period, the western part of Europe is mostly influenced by SDE during July and August. The JFJ is mostly affected by Saharan dust transport via the eastern and central Mediterranean and, to a much smaller extent, via the western Mediterranean. During these spring and summer periods, dust transport through the Saharan Air Layer (SAL) affects the whole Atlantic region. This phenomenon also induces the transport of Saharan dust to the JFJ from north-west direction.
September generally shows a very low amount of SDE all over Europe. The same applies for the December-February period, except in Spain. During winter, the emission of Saharan dust is low and its transport occurs mostly through low altitude trade winds over West Africa (Harmattan season) and the Atlantic.
A high number of SDE in October and November is also observed in Catalonia as well as in Spain, Corsica, Tuscany, and Germany (L. Schütz, Mainz, personal communication), and to a smaller extent at the Mont-Blanc. For this time of the year the Saharan emissions are normally very low. The October 2001 case was probably a particularly intense event.
3.5 Back trajectories of the SDE Generally, when transport over larger distances takes place, the air has been lifted up by a frontal system associated with conveyor belts to higher tropospheric levels (Bethan et al., 1998; Stohl and Trickl, 1999) . For all calculated trajectories that confirmed an SDE (38 cases), typical traveling heights were investigated by extracting the largest vertical distance of the trajectory from the ground in hPa (i.e. the pressure difference between trajectory height and the ground level in hPa). The resulting uplift was between 250 and 550 hPa, which corresponds to heights between 2500 and 6500 m a.s.l., respectively. The mean uplift was 375 hPa corresponding to about 3700 m a.s.l. When a frontal system and its associated conveyor belts induce an uplift, this is reflected in the vertical trajectory paths. In these cases the minimal traveling times of the air masses containing Saharan dust particles can be estimated as the time between the start of the uplifting (after residing near-ground over the Sahara) and the arrival at the Jungfraujoch. On average, this minimal traveling time was about 96.5 h. The shortest traveling time was around 50 h. On the other hand, extremely long transport times of up to 8 days were also found (see e.g. the SDE on 28 March 2002 described below).
For each case confirming an event, a potential source country was identified if the criterion given in the Atmos. Chem. Phys., 4, [2465] [2466] [2467] [2468] [2469] [2470] [2471] [2472] [2473] [2474] [2475] [2476] [2477] [2478] [2479] [2480] 2004 www.atmos-chem-phys.org/acp/4/2465/ experimental section of this manuscript was fulfilled over the country. As expected, the most important potential source countries (Fig. 6a) are situated in the northern and northwestern part of the Saharan desert with the most cases found in Algeria (34 cases out of 38) which means that almost every SDE in Switzerland had at least a potential source region in Algeria. Figure 6b indicates the numbers of trajectory segments (i.e. the hourly trajectory time steps) counted in a 0.75 • ×0.75 • grid superimposed over the domain if the given criterion was fulfilled. Again, the north-north-western part of Africa with Morocco, Algeria, Tunisia, and Libya was the most important source region of the Saharan dust detected at the JFJ. Figure 7 shows the same numbers separated by season. It seems that during spring and summer, the Figure 6 for March-May (a, 17 cases), June-August (b, 9 cases), September-November (c, 9 cases) and December-February (d, 3 cases). sources are mostly located in the northern part of north and north-west Africa, whereas in autumn, the source regions are much more extended towards the south. A similar seasonal behavior was found by Prospero et al. (2002) who showed that the most active dust source regions are situated more in North Africa during summer and move south-west during the September to January period. The numbers of cases in each season are too small to support these results by carrying out a proper statistical analysis. Nevertheless, if the meteorological transport conditions were the same throughout the year, one would expect more potential source regions in the south for the spring events since this period produced the highest number of cases. Therefore, we would suggest these weak source differences between seasons to be linked with different meteorological transport conditions or different activity of the source regions.
The direction of the air mass inflow to the JFJ was investigated by visual inspection of the trajectories and classifying them into the four sectors given in Table 5 . Again, the relatively small number of cases prevents a statistical significance. Nevertheless, as expected, the inflows from the two southern sectors are most important in all seasons. This air mass movement is often associated with low pressure systems and their cold-fronts approaching Europe from the Atlantic. These weather patterns -often associated with SouthFoehn events in the Alps -accelerate the air masses towards the JFJ. In north-western inflow cases, the air moves from the Sahara towards the Atlantic, turns to the north and flows towards the Alps with prevailing westerly winds. Only two cases (5%) were found with an inflow direction from the north-eastern sector. In these cases, the air moves northward to higher latitudes before turning southward again and approaching the JFJ from north-east or east. These SDE also exhibited the longest traveling times of up to 8 days. In the following section, two cases of Saharan dust transport to Switzerland are discussed in more detail.
SDE on 13 October 2001
A particularly long SDE occurred at the JFJ from 11 October 2001 at 17 h LST to 18 October 2001 at 13 h LST. This pronounced event was also detected by a LIDAR and a CIMEL sun photometer in Germany (Müller et al., 2003) . Figure 8 shows the trajectories arriving at the Jungfraujoch on 13 October 2001. From 3 to 7 October, a flat pressure distribution prevailed over Africa and induced slow air mass movements over a large part of north-western Africa. At the same time, an extremely strong low pressure system traveled over the Northern Atlantic and reached Western Europe on 7 October, and an extended cold-front reaching from Denmark to Morocco moved south-eastward. This frontal system generated an air flow towards the northern direction. Together with an increasing velocity, the vertical trajectory paths in Fig. 8 indicate an uplift of the air masses up to 500 hPa pressure Atmos. Chem. Phys., 4, 2465-2480, 2004 www.atmos-chem-phys.org/acp/4/2465/ Table 5 : Inflow directions at the Jungfraujoch described by four sectors in percent of total cases. level (about 5500 m a.s.l.). From 8 to 10 October, the strong pressure system moved slowly eastward over Great Britain to the North Sea. The cold-front passed over the Alps and was divided into a cold-front north of the Alps further moving eastward and -together with an upcoming South-Foehn in the Alps -a warm front over the Alps. From 11 October on, a high pressure system installed over Central Europe and forced the air masses coming from the Sahara to subside and to turn clockwise to south-eastern flow direction before arriving at the JFJ.
SDE on 28 March 2002
The backward trajectories of Fig. 9 are representative of a SDE that lasted several days at the end of March 2001. This case is quite specific as the traveling time exceeds 8 days. The air masses started over Algeria, Niger and Mauritania 10 days before arrival and moved relatively slowly in a clockwise motion around a high pressure system centered over Morocco. During 21 March, the air masses came under the influence of low pressure systems over the Atlantic. The air was lifted up to the altitude of 400 to 550 hPa (4000 to 6500 m a.s.l.). The air flow accelerated and reached a latitude of 70 degrees after only two days. At this point, the air masses started to turn clockwise due to a high pressure system over Scandinavia. The high pressure core moved further southward over Denmark and installed over northern Germany. This induced a clockwise air flow over Scandinavia, Russia and the Eastern European countries that was associated with a strong subsidence during the last days before arrival. Finally, the trajectories reached the JFJ from an easterly direction, which is not very typical for Saharan dust events and were found only twice in our study. 3.6 Estimation of the Saharan dust contribution to TSP Saharan dust events significantly contribute to the 48-h TSP level at the JFJ. For the time period from 01 March 2001 to 31 December 2002, the average TSP concentration of 48-h samples that were not affected by SDE was 2.5 µg/m 3 , while for samples collected during an SDE period the TSP mean value was 7.3 µg/m 3 . 25% of the samples that were affected by SDE were higher than 10 µg/m 3 compared to 1.6% of the samples that were not affected. However, for a large fraction of the filter samples that were affected by SDE, the TSP level was moderate. 64% of the SDE affected samples had a 48-h TSP value below 5.5 µg/m 3 , which corresponds to the 90-percentile of the 48-h TSP samples without SDE. Therefore, the 48-h TSP mass concentration is not an appropriate measure for identifying SDE.
From the length of each SDE (determined by the negative SSA exponent as shown above) the time not affected by SDE was calculated for each of these samples. For this unaffected time, a TSP value was estimated with a local linear regression model using the loess function of the statistical software R (Chambers and Hastie, 1992) . The smoothing parameter was chosen to minimize the residual standard error of the regression function. From the calculated unaffected TSP value and the corresponding time, the non-SDE fraction was calculated for all SDE affected 48-h TSP samples. Subtracting this value from the total 48-h TSP mass concentration then yielded the SDE contribution to each 48-h TSP value. The estimates are expected to be accurate when the sequences of successive SDE affected and/or missing filter samples are not too long. Multiple linear regression and generalized additive models (Chambers and Hastie, 1992) were not used here, because they showed large residuals for high TSP mass concentrations. Figure 10 shows the measured 48-h TSP mass concentration, the local linear regression function, and the estimated non-SDE fraction for all SDE affected TSP samples. The uncertainty of the estimates for the non-SDE fraction of 48-h TSP was investigated by splitting the measured 48-h TSP mass concentrations that are not affected by SDE into a training and a test set. A local linear regression model was specified by use of the training set and the model accuracy was then evaluated by applying the model to the test set. The resulting residuals were normally distributed with a mean value of zero and a standard deviation of 1.8 µg/m 3 . Consequently, the uncertainty for the estimation of the non-SDE fraction of 48-h TSP samples is 3.6 µg/m 3 (at 95% confidence level). Moreover, the standard deviation of the gravimetric 48-h TSP measurement at the JFJ, as derived from repeated determinations, is 1.0 µg/m 3 . The total uncertainty based on the summation of the squares of the individual standard deviations is thus 4.1 µg/m 3 (at 95% confidence level). For 19 out of the 67 identified SDE, the estimated contribution of Saharan dust to the 48-h TSP values was above 5 µg/m 3 . However, most of the estimated SDE contributions to the 48-h TSP values were lower than the uncertainty of the estimate, and negative values for the estimated Saharan dust contribution occurred for 15 of the 67 identified SDE. The uncertainty range of all except two of the negative values included zero. The two lowest values concerned two consecutive SDE separated by 4 days and were due to an overestimated background concentration between the two events. Even though negative values are physically not reasonable, they were not removed (or set to zero) for the subsequent averaging process, because this would induce a positive bias.
Atmos
The annual average contribution of SDE to the TSP values at the JFJ was then estimated as the arithmetic mean of the determined Saharan dust contributions to the 48-h TSP values. Evidently, the Saharan dust contribution to 48-h TSP samples not affected by SDE was set to zero. For the total analyzed time period, the average contribution of Saharan dust to TSP at the JFJ was found to be 0.8 µg/m 3 (±0.2 µg/m 3 ). With a mean TSP level of 3.4 µg/m 3 this corresponds to about 24%.
The available 48-h TSP samples are certainly not ideal for investigating the contribution of SDE. A higher temporal resolution would be advantageous since the duration of SDE at the JFJ is typically much shorter than 48 h. The contribution of Saharan dust to the TSP concentration during an SDE cannot be resolved by this approach. However, an average SDE contribution to hourly TSP values during SDE can be calculated from the length of each SDE (in hours) and the SDE contribution to each 48-h TSP value. Figure 11 shows the calculated contribution of Saharan dust to hourly TSP for 
Chemical analysis
For the March-November 2001 period, 24-h filter samples were collected on every sixth day and analyzed for chemical composition by ion chromatography (Henning et al., 2002) . This chemical analysis was performed in total on 23 filters, and in 25% of these cases SDE were identified by the inversion of the SSA wavelength dependence. As in the case of the TSP values, the SDE often corresponded only to a part of the filter sampling time, so that the SDE contribution to the chemical composition was diluted by the normal aerosol. Some general conclusions can still be deduced from these measurements. Table 6 presents the daily average mass concentrations of analyzed species with and without SDE, for TSP and PM1, as well as the ratios with/without SDE of the species concentrations in percent. Negative values in the coarse mode may be explained with the uncertainties resulting from the difference between two relatively large numbers. During SDE, the concentrations of magnesium, calcium and potassium are significantly enhanced, which is explained by the fact that these are all constituents of illite and montmorillonite. This is mainly seen in TSP and to a far lesser extent in PM1, confirming that SDE mainly affect the coarse mode. It is however interesting to note that SDE exhibits Table 6 . Mass concentrations of analyzed species with and without SDE, for TSP and PM1 (columns 2-5), and the ratios with/without SDE of the concentrations in percent for TSP, PM1 and coarse mode aerosols (last three columns). All data are from 24-h samples. The coarse mode ratio was calculated from the TSP-PM1 difference. The last line accounts for the fact that by volatilization of NH 4 NO 3 from the Teflon filter NH4 is lost as well, which can be corrected using the nitrate data from the Nylon filter.
Collaud Coen, 11/11/2004 Table 6 : Mass concentrations of analyzed species with and without SDE, for TSP and PM1 (columns 2-5), and the ratios with/without SDE of the concentrations in percent for TSP, PM1 and coarse mode aerosols (last three columns). All data are from 24-h samples. The coarse mode ratio was calculated from the TSP-PM1 difference. The last line accounts for the fact that by volatilization of NH 4 NO 3 from the Teflon filter NH4 is lost as well, which can be corrected using the nitrate data from the Nylon filter. a significant fraction in the fine mode, resulting in a much higher increase of these components in PM1 than in the coarse mode. This submicron fraction exhibits a high surface area with basic sites (carbonates) which are available for neutralization reactions of acidic gases (Henning et al., 2002) . This may explain the increase of acetate and formate in PM1 during SDE. For other components, especially for those of anthropogenic origin, differences are more difficult to interpret since their concentrations during SDE can highly vary depending on the actual trajectory of the air mass.
Conclusions
Saharan dust events can be detected with one-hour time resolution by the inversion of the wavelength dependence of the single scattering albedo. The resulting negative exponent of the SSA is due to the large size of mineral aerosols, which induces a wavelength independence of the scattering coefficient. Similarly a somewhat larger wavelength dependence of the absorption coefficient is linked to the Saharan dust chemical composition. Clear SDE are characterized by four factors: 1) an increase of the scattering, absorption and extinction coefficients, 2) vanishing scattering andÅngström exponents, 3) a larger absorption exponent and 4) a negative SSA exponent. According to this study, SDE at the JFJ lasted between only a few hours and seven days. In 92% of all cases, SDE detected by this new method are corroborated by either filter coloration, back-trajectory analysis, satellite measurements or a combination of these methods. The α SSA method is however the most sensitive method to detect SDE. SDE are more frequent and last longer during the March-June and the October-November period, although some events also occur during the summer. Trajectory analysis shows that mineral dust traveling times are typically between 2 and 8 days, with a mean value of 96.5 h. The main source countries of Saharan dust arriving at the JFJ are Algeria, Libya, Morocco and Tunisia. In only 31% of the cases, the contribution of Saharan dust to the 48-h TSP levels at the JFJ can be detected. The estimated average contribution of Saharan dust events to hourly TSP at the JFJ is 16 µg/m 3 , with the most severe SDE reaching 214 µg/m 3 . On average, the contribution of Saharan dust to the TSP concentration at the JFJ was 0.8 µg/m 3 corresponding to 24% of TSP.
